The Pgk-1 gene encodes the housekeeping enzyme, 3-phosphoglycerate kinase, and is ubiquitously expressed. This gene resides on the X chromosome in mammals and is always expressed except where it is silenced along with most other genes on the inactive X chromosome of female somatic cells or male germ cells. The Pgk-1 promoter is in a region rich in nucleotides G and C. This promoter can efficiently drive high levels of expression of reporter genes such as E.coli lacZ and neo. We have determined that the 120 bp upstream of the transcription start site functions as a core promoter. Upstream of this is a 320 bp region which enhances transcription from the core promoter in an orientation and position independent fashion. This 320 bp region does not enhance transcription from the core promoter of the SV40 early region. Nuclear proteins bind to this 320 bp fragment although the restricted regions to which binding can be demonstrated with gel mobility shift assays suggests that the activity of the enhancer may be mediated by factors which bind at multiple sites each with low affinity.
INTRODUCTION
Most studies on the regulation of gene transcription have focused on those genes whose expression is restricted to specific tissues or is inducible with chemical or physical stimuli. However, the protein products of many genes are required in all cell types and the promoters driving the transcription of these constitutively expressed genes have been studied much less thoroughly. In general, ubiquitously expressed genes have promoters which are rich in G and C and often lack the TATA and CAAT sequence motifs common to promoters of inducible and tissue specific genes. The promoters of some constitutive genes seem relatively simple; for example, fewer than 100 bp of the DNA sequence upstream of the transcription start sites are sufficient to drive efficient expression of the genes encoding hypoxanthine phosphoribosyl transferase (1) , adenine phosphoribosyl transferase (2) , and thymidylate synthase (3) . Recently, however, the promoters of some constitutively expressed genes such as those encoding proliferating cell nuclear antigen (PCNA) (4) and acetyl CoA carboxylase (5) have been shown to be more complex, consisting of both a core promoter along with an upstream region with transcription enhancing activity.
The Pgk-1 gene of mammals is X-linked and encodes the enzyme 3-phosphoglycerate kinase. This enzyme is involved in the glycolytic pathway and is present in all somatic cells. The PGK-1 protein may also play a role in DNA replication (6) . Although the PGK-1 protein is ubiquitous, the Pgk-1 gene may be either transcriptionally active or inactive. In the somatic cells of female mammals only the Pgk-1 allele on the active X chromosome is transcribed, the other Pgk-1 allele on the inactive X being inert. During spermatogenesis, the X chromosome becomes inactivated and transcription of the Pgk-1 gene ceases (7) .
As a first step towards investigating the nature of the inactivation of the Pgk-1 gene, we have cloned the mouse Pgk-l h (8) and Pgk-l a (9) alleles which encode two electrophoretically distinct PGK-1 proteins. The promoter of the murine Pgk-1 gene resembles those of other constitutive genes being GC rich, having no TATA box, but having a CAAT box motif (8) . There is a high degree of sequence identity between the human and murine Pgk-1 promoters. Both human and mouse promoters are unmethylated when active. When inactivated, the promoters become hypermethylated although the extent of methylation of the inactive human Pgk-1 promoter is much higher than that of the mouse (10) (11) (12) .
Transfection studies with the Pgk-1 gene suggested that it is driven by a strong promoter (9) . We set out to investigate this promoter in more detail and report below that the murine Pgk-1 promoter is indeed very active following DNA mediated transfection into recipient cells and is comprised of a core promoter along with an upstream activator region.
MATERIALS AND METHODS

Construction of recombinant genes
The chimeric genes used in these studies were constructed in pGEM3 or 4 by standard procedures (13) . All constructs were verified by restriction mapping or DNA sequencing. The Pgk-1 and Pgk-l b cloned genes and their restriction maps and sequences were as described (8, 9) . We made use of the coding region of an E.coli lacZ gene (14) and the neo gene from pMCl/ieo (15) . The SV40 promoter and enhancer were derived from pSVl (16) . The plasmid DNAs were isolated using the procedure of Marko et al (17) .
Primer extension
Primer extension was performed by a modification of the method of Gerard (18) . The 25 nt primer (5'TCCAAAGTCAGCTTG-TTGGAAAGCG3') was end labeled with T4 polynucleotide kinase and mixed with 250 jtg of P19 cell RNA in 25 /zl of 50 mM Tris-HCl (pH 8.3) and 8 mM MgCl 2 . The mixture was boiled for 1 min then incubated at 65° for 5 min, 37° for 10 min, and 20° for 10 min. Then 25 y\ of extension buffer was added (50 mM Tris-HCl, pH 8.3, 8 mM MgCl 2 , 20 mM DTT, 2 mM each of dATP, dTTP, dCTP, and dGTP, and 60 U of Moloney murine leukemia virus reverse transcriptase (Pharmacia)). This mixture was incubated at 20° for 15 min, 37° for 30 min, and 42° for 30 min. The RNA was then degraded by addition of 150 /tl of TE buffer containing 5 /tg/ml RNase and incubated at 37° for 30 min. The DNA was then extracted and fractionated on an 8% polyacrylamide gel in the presence of 8 M urea.
DNA mediated cell transfection
P19 embryonal carcinoma cells (19) were cultured as described (20) and transfected by the calcium phosphate procedure of Chen and Okayama (21) . Transfection experiments were carried out on different DNA preparations in multiply repeated experiments. The activities of /3-galactosidase were measured spectrophotometrically (22) and were normalized to the activity from the construct comprised of the Pgk-1 promoter (-440 to +80) driving E.coli lacZ.
DNA binding experiments
Nuclear extracts of P19 cells were prepared as described (23) and used for gel mobility shift experiments (24,25) using DNA fragments end labeled with 32 P. For each assay, 20 ng of nuclear protein was mixed with the radioactive probe in the presence of 3 /tg of poly(dl.dC).
RESULTS
Mapping transcription start sites
We have previously sequenced the 838 bp of DNA upstream of the first coding exon of the mouse Pgk-1 gene and noted that this region was GC rich and had a CAAT box sequence but no TATA box (8, 9) . The absence of a TATA box is often associated with multiple sites of transcription initiation (3). We used the primer extension technique was to map the site(s) of transcription initiation of the Pgk-1 gene. A 24 nt oligomer complementary to the N-terminal coding region of the mRNA was used as primer and the reverse transcriptase extension products were separated on a gel in which the same primer was used to create a sequencing ladder from the cloned genomic fragment. Five discrete extension products were evident and indicated transcription initiation sites between 101 and 44 bp upstream of the site of translation initiation ( Figure 1 ). Only one of these transcription initiation sites, at -86 bp, conforms to the consensus sequence for eukaryotic initiation (26) and this was the site of one of the strongest signals in Figure 1 . Tamaru et al (27) used S1 nuclease mapping with the same promoter and concluded that the major start sites were concentrated near -86 bp. The most upstream initiation site was 101 bp 5' to the translation initiation site and we labeled this site + 1 in subsequent figures. 
M G T A C E P
Pgk-1 promoter activity
To investigate the activity of the Pgk-1 promoter, we constructed chimeric genes in which the coding region of the E.coli lacZ gene was inserted at the TaqI site ( + 80) which is downstream of all Pgk-1 transcription initiation sites and 20 bp upstream of the Pgk-1 translation initiation site. The lacZ gene was followed by the SV40 polyadenylation and transcription termination signals ( Figure 2 ). Each construct was transfected into P19 embryonal carcinoma cells and the /3-galactosidase activities in these cultures were determined after 48 hr. Strong activity was observed from constructs a, e, and f carrying Pgk-1 promoters of 4.5 kb, 838 bp and 440 bp respectively. Significantly reduced levels of activity were present in constructs carrying 212 bp and 120 bp of upstream sequence (constructs i and k) suggesting that important components of the promoter reside between -120 and -440 bp. Indeed internal deletion of this 320 bp region, constructs c and d, resulted in a 10 fold reduction in promoter activity.
The 320 bp fragment was cut into two components of 228 bp (-212 to -440) and 92 bp (-120 to -212). Each of these components was assayed independently for activity in constructs (8) while the sequences from -4.5 kbp to -440 bp used in constructs a to d came from the Pgk-P gene (9) . Each construct was transfected into P19 cells and 48 hr later the specific activities of 0-galactosidase were measured. An average of 9 (between 5 and 14) independent transfection experiments were performed for each construct and at least 2 independent DNA preparations of each construct were tested. The /3-galactosidase activities relative to that of construct f (-422 to +80) are indicated to the right of each construct along with bars indicating the standard errors. The arrows in constructs b, d, h, and j indicate that the DNA fragments containing the arrows were inserted in the orientation opposite that of the normal sequence. Figure 3 . The Pgk-I enhancer is orientation independent. All constructs carried the coding region for the E.coli lacZ reporter gene followed by the SV40 polyadenylation and transcription termination signals (black half height boxes). The DNA sequences derived from the Pgk-I promoter are shown as open boxes. The 320 bp open boxes with arrows above them shown in constructs d, e, f. g, I, m, and n are from the -440 to -120 bp region and the orientation is indicated by the arrow (natural orientation is with arrow pointing right). The 166 bp hatched boxes in constructs h, i, j, k, o, p, q, and r contain the enhancer of the SV40 early promoter in the orientation indicated by the arrows. The thin lines between boxes indicate short (less than 15 bp) linker DNA sequences used in constructing the composite genes. The activities of each construct are shown on the right relative to the activity of construct c (-422 to +80) along with the standard error of each. Each construct was tested in between 3 and 10 independent transfection experiments. g, h, i, and j. Each of these two components enhanced the activity of the basal promoter (construct k) regardless of orientation but the extent of enhancement of either fragment was slight compared to that achieved by the intact 320 bp fragment (compare the activities of construct f with those of constructs g to j). This result suggests that the full enhancement from the 320 bp fragment requires cooperation between factors bound to regions on both sides of the AM restriction site (-212) used to cut this fragment in two or that an important DNA sequence element at or near this AM site is destroyed by restriction digestion.
ACTIVITY
To determine if cellular factors bind to and activate the upstream sequences and could be competed by an excess of this upstream DNA (28), construct f was cotransfected with a 10 to 50 fold molar excess of plasmid containing the 320 bp fragment (-440 to -120). Expression of/3-galactosidase from construct f was not diminished by the presence of excess 320 bp fragment (data not shown) suggesting that the cellular factors which bind to the 320 bp region and enhance the activity of the Pgk-l promoter are either present in abundance in P19 cell nuclei or they bind only in the presence of an adjacent promoter.
The 320 bp fragment enhances regardless of orientation and position The core promoter used in these studies, -120 to + 80, contains four potential Spl binding sites and a CAAT box (see Figure 7) . The 320 bp sequence upstream of this core promoter was iaserted in either orientation both upstream and downstream of the core promoter ( Figure 3 , constructs d, e, f, and g). Elevated expression of the lacZ reporter gene was evident in all four constructs indicating that the 320 bp sequence functions in an orientation independent fashion to enhance promoter activity. The constructs in which the 320 bp fragment was inserted downstream of the reporter gene were less active than those in which this fragment was inserted proximal to the core promoter indicating that the enhancing activity of this 320 bp fragment decreases with distance from the promoter.
In constructs h, i, j, and k a 166 bp fragment containing the enhancer of the S V40 early promoter was inserted both upstream and downstream of the core Pgk-l promoter construct shown in b. The effect of the SV40 enhancer was virtually the same as that of the 320 bp Pgk-l derived fragment-the activity of the core promoter was elevated regardless of enhancer orientation and the level of expression was higher when the enhancer was proximal to the promoter.
The effect of two enhancing sequences was investigated in constructs 1 to r. Tandem upstream enhancing fragments seemed to have an additive effect (constructs 1, o, and p) regardless of whether the enhancing fragment was of Pgk-l or SV40 origin. Addition of a second enhancing sequence downstream had no additional enhancing effect.
Pgk-l enhancer does not activate the SV40 core promoter In the constructs shown in Figure 3 , the behaviour and strength of the 320 bp sequence from the Pgk-l upstream region was similar to that of the SV40 enhancer. To determine whether the 320 bp fragment could activate transcription from the SV40 core promoter the constructs shown in Figure 4 were made. The 320 bp Pgk-l fragment had very little effect on the activity of the SV40 core promoter (constructs d, e, and f) compared to the activity of the intact SV40 early promoter carrying its enhancer (construct a). The 320 bp fragment had no effect on the intact enhancer-containing SV40 promoter (construct b).
We investigated the possibility that an enhancer sequence might exist in the Pgk-l promoter upstream of the 320 bp fragment but we found no evidence for the presence of an enhancer in this 4.1 kb region (constructs g to j).
The constructs shown in k and 1 show the activities of the Pgk-l promoter of 440 bp and 120 bp respectively. The intact Pgk-l promoter (construct k) has activity comparable to that of the intact SV40 early promoter (Figure 3 Pgk-1 core promoter was enhanced by both the 320 bp Pgk-1 fragment and SV40 enhancer, the activity of the SV40 core promoter was not elevated by the 320 bp Pgk-1 fragment. This is somewhat surprising because both core promoters are GC rich and carry multiple Spl binding sequences.
Protein binding to the 320 bp fragment
To determine whether nuclear proteins are capable of binding to the 320 bp Pgk-1 fragment, we extracted proteins from the nuclei of PI9 cells and used these in gel mobility shift assays (24, 25) . The 320 bp fragment yielded two retarded bands ( Figure 5, lane 1) . The binding activities of various subfragments of the 320 bp region were assessed as shown in Figure 5 . A number of fragments were capable of yielding these two retarded complexes. The nature of the proteins responsible for these two bands has not yet been established. The smallest fragment which gave rise to the 2 retarded bands was a 30 bp sequence shown i s i i S S i i Binding P y x *f , a P ° « Activity in panel 11. This sequence is indicated in Figure 7 and contains an E-box (CANNTG), the site to which the helix-loop-helix class of proteins bind (29) . This 30 bp binding site lies within the fragment, -120 to -212 bp, shown to have some promoter enhancing activity (Figure 2 constructs i and j) . Little or no binding activity was detected with DNA probes spanning the AJul site at -212 ( Figure 5 , lanes 5 and 10) or with probes upstream of this site (lanes 2 and 4) . Because the activity of the 320 bp fragment could not be mimicked with shorter fragments it seems likely that there are proteins in the nuclei of P19 cells which interact with sequences upstream of the 30 bp region but which are not detected in the mobility shift assays, perhaps because their binding affinities are low or because they are not efficiently extracted from nuclei with the procedures we used. The two bands detected in the mobility shift assays result from protein(s) which appear to bind specifically because unrelated sequences were incapable of competing for binding activity while the binding complexes were efficiently competed by an excess of any of the fragments labeled as positive in Figure 5 (data not shown).
Selectable gene constructs
Because of the ubiquitous expression of the Pgk-1 gene and the apparent strength of its promoter, we examined the possibility that the Pgk-1 promoter might be useful in strong universal expression vectors. We constructed chimeric genes comprised of the neo gene derived from pMClneo (15) inserted behind the -440 to +80 Pgk-1 promoter and upstream of sequences derived from the 3' end of the Pgk-1 gene. These 3' sequences included the polyadenylation signal (AATAAA), the site of polyadenylation, and presumptive transcription termination sequences (9) . These constructs (Figure 6 ) carrying 1.5 kbp (construct A), 600 bp (construct B), and 292 bp (construct C) of 3' sequence were transfected into P19 cells along with (-422) and Sail (-120) sites span the Pgk-1 enhancer. The presence of detectable binding activity is indicated to the right of each fragment. In panel A the autoradiograms of gel shift experiments is shown for each of the 11 DNA fragments. These lanes have been exposed to x-ray film for different periods of time. In each case + and -indicate the presence and absence of nuclear extract respectively. Arrowheads indicate the two retarded complexes found using those fragments with strong DNA binding activity. Retarded bands were occasionally seen with fragments labeled negative after long exposures (fragments 2, 4, 5, and 10) but these appeared to be due to effects or factors distinct from those which give rise to the pair of complexes on fragments labeled postive. pMCl/ieopA and pS\2neo. Colonies were selected for growth in G418. The Pgk-1 driven constructs A, B and C gave rise to more than ten times as many colonies as either pMC ineopA or pSV2neo and the colonies formed following transfection of constructs A, B, and C grew more rapidly. RNA isolated from pooled populations of G418 resistant clones carried abundant neo mRNA. These /^-/-driven neo constructs were efficient only in the presence of downstream polyadenylation and transcription termination signals (construct D).
The neo gene from pMClneo was used for the Pgk-1 driven constructs A to D and it carries a mutation which results in reduced phosphotransferase activity (30) . When replaced with the wild type neo gene present in pSV2neo, construct B was an additional 3 to 5 times more efficient in giving rise to G418 resistant colonies (data not shown).
The Pgk-1-dnven neo constructs shown in Figure 6 have been found to be efficient in a variety of cell lines including NIH3T3, rat L6 myoblasts, V79 Chinese hamster fibroblasts, and a variety of mouse embryonal carcinoma and embryonic stem cell lines. Highly efficient expression of various other genes or cDNAs has been induced by the Pgk-1 promoter and 3' sequence used for constructs B and C; these include genes encoding hygromycin resistance, E.coli lacZ, retinoic acid receptors cDNAs (31) and Pgk-1 pseudogenes (9).
DISCUSSION
The PGK-1 enzyme is essential in all cells because it is necessary for glycolysis. The Pgk-1 gene is therefore expressed at high levels in virtually all cell types. In yeast the promoter of the Pgk-1 gene is one of the strongest known in that species (32) . The activity of the mouse Pgk-1 promoter including its enhancer element is comparable to those strong viral promoters such as SV40 and RSV. Because it is active in virtually all somatic and germ cell types, the Pgk-1 promoter should be useful for driving other genes at high constitutive levels. In this regard it has been useful in driving sense and antisense cDNA constructs (33) , in retroviral constructs (34) , and in constructs for selecting homologous recombinants in embryonic stem cells (Rudnicki, unpublished) .
In transient transfection assays the Pgk-1 and SV40 early promoters appeared to drive transcription at comparable rates; however, the SV40 driven neo gene was very much less effective than the Pgk-1 driven neo in giving rise to G418 resistant colonies of P19 cells. The reason for this discrepancy between transient and stable expression is not yet clear. We have noticed that cells transfected with neo genes segregate G418 sensitive cells when grown in the absence of the drug. One possible explanation for the difference in both colony number and size is that the SV40 promoter becomes inactivated following integration into the genome at a rate much higher than the Pgk-1 promoter.
Our transfection assays with constructs driven by the Pgk-1 promoter have indicated the presence of a 320 bp sequence upstream of the core promoter which enhances transcription from the core promoter in an orientation and position independent fashion. Both the core promoter and enhancer element of the Pgk-1 upstream sequence are part of a GC rich island (35) . The DNA sequence upstream of the human and mouse Pgk-1 genes is highly homologous and is shown and compared in Figure 7 . Our work using gel shift assays has indicated that nuclear proteins can bind to sites near the 3' end of the 320 bp enhancer. The 30 bp fragment found effective for mobility shift assays is indicated on Figure 7 .
The activities of well-characterized promoters and enhancers are dependent on binding multiple transcription factors (36, 37 ), yet we have detected binding of factors only to the 3' end of the 320 bp enhancing region. Pfeifer et al., (38) have investigated the human Pgk-1 promoter by in vivo footprinting with DMS and more recently with DNasel (39) . Their work has indicated five footprints in the region corresponding to the 320 bp enhancer (-120 to -420) and these are indicated in Figure 7 by highlights on the human DNA sequence. There is overlap between one of the human footprints and the 30 bp fragment used in our mobility shift assays but none of the proteins which gave rise to the other in vivo footprints on the human Pgk-1 promoter were able to form DNA protein complexes which we could detect in vitro on the homologous mouse Pgk-1 sequence. There are a number of possible explanations for our failure to detect DNA binding to these 5' regions of the 320 bp fragment. We favour the idea that binding to these sites involves protein complexes which have relatively low affinity for the DNA and that in vivo there is cooperation between the binding factors enabling the establishment of a stable active DNA configuration (40) . Cooperative binding of transcription factors is consistent with the observation (Figure 2 ) that the activity of the 320 bp Pgk-1 enhancer is substantially reduced in constructs in which either the 5' or the 3' part of this 320 bp region is deleted.
Although the Pgk-1 gene is expressed in all somatic cells the Pgk-1 allele on the inactive X chromosome in female somatic cells is transcriptionally silent. Pfeifer et al., (38) found that the human Pgk-1 gene from the inactive X chromosome carries no footprint on its promoter. We have female embryonal carcinoma cell lines containing two X chromosomes. One of these cell lines contains 2 active X chromosomes (41) while in another 1 of the 2 X chromosomes is inactive (42) . Nuclear extracts from these various cells behave the same as those of the P19 cell (which has only one X chromosome) and give rise to similar gel shifts (data not shown). In addition, we have transfected the various Pgk-1 driven lacZ constructs into these female embryonal carcinoma cells and found that the 320 bp fragment functions as an enhancer in all cells tested.
A factor which specifically binds methylated GC islands might play a role inactivating genes such as Pgk-1 on the inactive X chromosome; however, this binding activity appears to be low in embryonal carcinoma cells (43) and there is inactivation of X-linked genes in the absence of detectable DNA methylation (44) . We favour models of X inactivation in which there is competition between activators and repressor for regulatory sites on each X-linked gene (40) . There are precedents for competition between activators and repressor proteins in other genes (45 -49) . It is perhaps pertinent that the 30 bp sequence used for mobility shift assays contains an E-box (CANNTG), the DNA sequence to which DNA binding proteins of the helix-loop-helix variety bind. Since dosage compensation of X-linked genes in Drosophila apparently involves the interaction of helix-loop-helix proteins (50, 51) , the presence of the E-box in the Pgk-1 enhancer may not be fortuitous.
